INTRODUCTION
Selenocysteine (Sec) is known as the 21st amino acid used in translation (1, 2) . Its structure is similar to that of cysteine (Cys), and the selenium atom in Sec corresponds to the sulfur atom in Cys. The selenol group in Sec is more nucleophilic than the thiol group in Cys, with pK a values of 5.2 and 8.5, respectively (3) . Therefore, the Sec residue is primarily used at the active center for oxidation-reduction reactions (4) (5) (6) . Sec and its biosynthesis/insertion machineries are widely distributed from bacteria to humans, and are essential for their viability. Humans have 25 selenoproteins (7) .
In contrast to the other amino acids, Sec is synthesized on the Sec-specific tRNA species (tRNA Sec ) through a multistep process. tRNA Sec is first aminoacylated with serine by seryl-tRNA synthetase (SerRS) (8) . In eukarya and archaea, the hydroxyl group of the seryl moiety is further phosphorylated by O-phosphoseryl-tRNA kinase (PSTK) (9) . The phosphate group is then converted to the selenol group by Sep-tRNA:Sec-tRNA synthase (SepSecS), to produce selenocysteinyl-tRNA Sec (SectRNA Sec ) (10, 11) . In bacteria, Ser-tRNA Sec is directly converted to Sec-tRNA Sec by Sec synthase (SecS or SelA) (12) . The selenophosphate generated by selenophosphate synthetase (SPS) is utilized as a reactive selenium donor for Sec synthesis in both eukarya/archaea and bacteria (13, 14) .
tRNA Sec has the anticodon complementary to the stop codon UGA (8) , and translates it in a selenoprotein messenger RNA (mRNA) to Sec, in response to a Secinsertion sequence (SECIS) (15, 16) . Sec-specific translation elongation factor (EF-Sec, SelB) brings Sec-tRNA Sec to the ribosome in response to the SECIS (17) (18) (19) (20) , and Sec is then incorporated into a nascent, growing polypeptide, by decoding the UGA codon. Thus, tRNA Sec plays a vital role in both the Sec biosynthesis and its insertion into selenoproteins. Bacterial SelB directly recognizes SECIS (18, 21, 22) , while eukaryal/ archaeal EF-Sec needs an additional factor for SECIS recognition (23, 24) . SECIS binding protein 2 (SBP2) recognizes SECIS in eukarya (23, 25) , but the additional factor has not been identified yet in archaea. Another factor, SECp43, is involved in the Sec synthesis and insertion in eukarya (26, 27) , but the precise function of SECp43 is not known.
tRNA Sec is the largest among known tRNA species; it consists of 90-100-nt residues, in contrast to most other tRNAs, with 76-nt residues (28) ( Figure 1A -C). Biochemical analyses using enzymatic and chemical probes revealed the unique structure of tRNA Sec (29, 30) . It has a long extra arm, similar to those of the serine, leucine and tyrosine tRNAs. However, eukaryal/archaeal tRNA Sec has a 9-bp acceptor stem and a 4-bp T stem (9/4 secondary structure), and bacterial tRNA Sec has an 8-bp acceptor stem and a 5-bp T stem (8/5 secondary structure). In both the eukaryal/archaeal and bacterial tRNA Sec s, the acceptor and T stems have 13 bp in total. Conversely, the canonical tRNAs have a 7-bp acceptor stem and a 5-bp T stem (7/5 secondary structure) ( Figure 1A-C) . tRNA
Sec also has a 6-bp D-stem and a 4-nt D-loop, in contrast to the 4-bp D-stem and approximately 8-nt D-loop in the canonical tRNAs. The unique structure presumably allows tRNA Sec , like tRNA Ser , to function as a substrate of SerRS, and, in contrast, as the exclusive target of PSTK, SepSecS (or SelA), and EF-Sec. Despite its significance and distinctive features, the 3D structure of tRNA Sec has not yet been solved.
Here, we report the crystal structure of human tRNA Sec . The structure revealed the unusual secondary structures of the acceptor, T and D stems, as well as unique tertiary interactions. In contrast with the usual tRNAs, the long D stem of tRNA Sec does not interact with the extra arm, and thus, tRNA
Sec has an open cavity in place of the hydrophobic core.
MATERIALS AND METHODS

Preparation of human tRNA Sec
To synthesize the template DNA for the transcription of human tRNA Sec , the following oligonucleotides were used: 5 0 -GGTGGTggatccTAATACGACTCACTATAGC CCGGATGATCCTCAGTGGTCTGGGGTGCAGGC TTCAAACCT-3 0 and 5 0 -GGTGGTgcatgcCCTGGCGCC CGAAAGGTGGAATTGAACCACTCTGTCGCTAG ACAGCTACAGGTTTGAAGCCT-3 0 . The underlined 3 0 regions are complementary to each other for annealing. After annealing, the 3 0 -ends were both extended by overlap extension polymerase chain reaction (OE-PCR). The synthesized DNA includes the consensus sequence of T7 RNA polymerase promoters, just upstream of the tRNA Sec gene (indicated as bold letters). BamHI and SphI sites were placed at the upstream and downstream ends, respectively, for cloning. The synthesized fragment was cloned between the BamHI and SphI sites of the pUC18 vector (Roche).
Using this plasmid as a template, the DNA region containing the tRNA Sec gene was amplified by PCR and used as the template for in vitro transcription. The M13-reverse primer and a primer complementary to the 3 0 end of the target tRNA (5 0 -TGGCGCCCGAAAGGTG GAATTG-3 0 ) were used for PCR. Human tRNA Sec was transcribed in vitro with T7 RNA polymerase, as described previously (31) . The transcribed tRNA Sec was purified by anion-exchange chromatography using a ResourceQ (GE-Healthcare Bio-Sciences) column. The tRNA Sec was dissolved in 10 mM Tris-HCl buffer (pH 8.0) containing 10 mM MgCl 2 , and was heated at 658C for 5 min for refolding.
Preparation of Methanocaldococcus jannaschii SepSecS
Methanocaldococcus jannaschii SepSecS gene was cloned into pET22b (Merck). The protein was overexpressed in Escherichia coli Rosetta 2(DE3) (Merck) transformed by the vector. The cells were sonicated, heat-treated at 858C and purified by successive chromatography steps on a Phenyl-Toyopearl (Tosoh) column with a gradient of 1.8-0.0 M ammonium sulfate, and a SP-Sepharose FF (GE-Healthcare) column with a gradient of 0.05-0.6 M NaCl. SepSecS-containing fractions were pooled and dialyzed against 20 mM Tris-HCl buffer (pH 7.5), containing 300 mM NaCl and 10 mM 2-mercaptoethanol (2-ME).
Crystallization and X-ray diffraction data collection tRNA Sec was dissolved in 20 mM Tris-HCl buffer (pH 7.5), containing 300 mM NaCl, 10 mM MgCl 2 and 10 mM 2-ME, and the concentration was adjusted to 120 mM. This sample solution also contained 80 mM M. jannaschii SepSecS. The mixture was heated at 658C for 10 min and gradually cooled to room temperature. Crystal Screen 2, Natrix (Hampton Research), and Wizard I and II (Emerald BioSystems) kits were used for the initial screening of crystallization conditions. Crystals were obtained with Crystal Screen 2 Reagent 13, and the conditions were further optimized. Crystals suitable for data collection were obtained by mixing 0.75-ml sample solution and 0.75-ml reservoir solution, containing 100 mM sodium acetate-HCl buffer (pH 4.1), 32% (w/v) polyethylene glycol (PEG) 1500 and 140 mM lithium sulfate, and by equilibrating the mixture against 200-ml reservoir solution at 208C by the sittingdrop vapor-diffusion method. We confirmed that the crystals contained only tRNA Sec by SDS-PAGE and urea-PAGE analyses (data not shown). No crystal was obtained when sample solutions without SepSecS were used.
Prior to data collection, the crystals were soaked in a cryo-protective solution, containing 100 mM sodium acetate-HCl (pH 4.6), 35% (w/v) PEG 1000, 25 mM ammonium sulfate and 10 mM MgCl 2 , and were flashcooled with liquid nitrogen. A 3.1-Å X-ray diffraction data set was obtained by using the synchrotron radiation at BL41XU of SPring-8 (Hyogo, Japan). The data were indexed, integrated and scaled with the HKL2000 program (32) ( Table 1 ). The crystals belong to the space group C2, with unit cell parameters a = 78.9, b = 51.6, c = 81.4 Å , = 101.68.
Structure determination and refinement
The human tRNA Sec crystal structure was solved by the molecular replacement method with the Phaser program (33 Sec . The search model used for the first round of molecular replacement was composed of the acceptor stem (residues 1-7 and 66-72), the T arm (residues 49-65) and part of the D loop (residues 18 and 19) of the sequence-modified tRNA Asp . The search solution (solution I) was obtained just for the corresponding part of the tRNA Sec . Solution I was refined against the diffraction data by positional energy minimization refinement with the CNS program (36) . The second round was done using the refined solution I as a fixed model. The search model used for the second round was the anticodon-arm part (residues 26-44) of the sequencemodified tRNA Phe structure. The second search solution (solution II) identified the extra-arm stem of the human tRNA Sec . Solution II was also refined and used as the fixed model for the final round. The search model used for the final round was the anticodon stem (residues 26-31 and 39-44) of the sequence-modified tRNA Asp structure. The final search solution yielded the anticodon stem of the tRNA Sec . The D-arm portion of tRNA Sec was not found by the molecular replacement, and its coordinates were built in an |F o -F c | electron density map.
The structure was refined against the diffraction data by iterative cycles of simulated-annealing, positional and temperature-factor refinements with the CNS program (36) , and manual model building and revision with the Coot program (37) . Multiple rounds of refinement generated the convergence of the R work and R free to 0.254 and 0.314, respectively ( Table 1 ). The R work and R free are relatively higher than those of the reported crystal structures of RNAs, possibly due to the missing tRNA terminus and the partially disordered anticodon loop.
Docking model construction
The docking model of SerRS and tRNA Sec Sec is composed of 90-nt residues (numbered as residues 1-76 in the conventional manner), and the final model includes 86 residues (residues 1-72). The four 3 0 -end residues, the discriminator G73 and the CCA end (residues 74-76), were disordered.
The tRNA Sec structure revealed that it consists of the 9-bp acceptor stem (residues 1-5, 5a, 5b, 6, 7, 66, 67, 67a, 67b and 68-72), the linker between the acceptor stem and the D stem ('AD linker', residues 8 and 9), the D arm (a 6-bp stem and a 4-nt loop, residues 10-16, 18-20, 20a and 21-25), the anticodon arm (a 6-bp stem and a 7-nt loop, residues [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] , the extra arm (a 6-bp stem and a 4-nt loop, residues 45-47, 47a-47l and 48) and the T arm (a 4-bp stem and a 7-nt loop, residues 50-64) (Figure 1A (8) 0.92
, where I i (hkl ) is the intensity of the i-th measurement of hkl and <I(hkl )> is the average value of I i (hkl ) for all i measurements.
, where hkl Test is the test set reflections that were not used during refinement (4.5% of the data set). 
The acceptor and T arms tRNA
Sec has a 9-bp acceptor stem and a 4-bp T stem (9/4 secondary structure), in contrast to the canonical tRNAs (7/5 secondary structure) (Figure 1 ). The T loop is composed of seven residues, and its conformation is similar to those of the canonical tRNAs (38, (44) (45) (46) (47) . U54 forms a reversed Hoogsteen base pair with A58. As in the canonical tRNAs, U55 and C56 form tertiary interactions with G18 and G19, respectively, in the D loop ( Figure 2B) . Therefore, the lack of the É55 and m 1 A58 modifications does not appear to affect the tertiary structure due the T-loop:D-loop interaction.
U6 and U67 in the acceptor stem are highly conserved among the eukaryal tRNA Sec s (Supplementary Figure 1) , and they form a non-Watson-Crick-type (non-WC-type) base pair (Figure 2A ). The acceptor stem is kinked between the U6:U67 and G7:C66 base pairs, resulting in a bent acceptor-T helix ( Figure 3A and C) . This is in contrast with the continuous acceptor-T helix observed in many tRNA structures (44) (45) (46) (47) (Figure 3B and C). The G1:C72 base pair shares a crystal contact with the G19:C56 base pair in the other molecule in the crystal. We speculate that the acceptor-T helix is bent due to the crystal contact, and therefore is probably straight in solution. Nevertheless, the bent acceptor-T helix may mimic a conformational state required for interactions with other factors, e.g. EF-Sec, as discussed below.
The D arm and tertiary interactions
The D arm (residues 10-16, 18-20, 20a and 21-25) is the hairpin structure composed of a 6-bp stem (D stem) and a
4-nt loop (D loop). The D loop of tRNA
Sec comprises only 4-nt residues, U16, G18, G19 and U20, in contrast to those of the canonical tRNAs (7-11 residues). In spite of the small D loop, the D-loop:T-loop interactions (the G18:U55 and G19:C56 base pairs) are conserved ( Figure 2B ). U16 forms a non-WC-type interaction with U59 ( Figure 2C ), while other types of the 16:59 pair are also found in a few canonical tRNAs (40, 48) . The U16:U59 pair is sandwiched between the sixth base pair of the D stem (the G15:C20a pair) and U60 in the T loop ( Figure 2C ). The last D-loop residue, U20, interacts with G19 to form a base triple (U20:G19:C56) ( Figure 2B and D) . The D stem has 6 bp, as it includes the A14:U21 and G15:C20a pairs, which are found only in tRNA Sec ( Figure 2C ). Remarkably, none of the D-stem residues participates in tertiary interactions. The tertiary interactions are limited to those between the D and T loops. This is in a sharp contrast with the fact that the D stem interacts with the AD linker (residues 8 and 9) and the extra arm (residues [45] [46] [47] [48] to form a core of tertiary interactions in the canonical tRNAs. These include the conserved pairs U8:A14 and R15:Y48, where R and Y denote G/A and C/U, respectively, and some nonconserved pairs, 9:23, 9:13, 10:45 and 22:46 (38, 44, 45) . Probably due to the lack of these interactions, the D stem of tRNA Sec is shifted outward from the axis running along the anticodon stem to the T loop ( Figure 4A) . In other words, tRNA
Sec has an open cavity instead of the conventional tertiary core.
The AD linker in tRNA Sec (A8 and U9) occupies a completely different position from those of the canonical tRNAs. A8 is not involved in tertiary base pairs. Instead, the adenine ring is surrounded by A48 and G50, and the O2 0 atom hydrogen bonds with that of A48 ( Figure 4C ). In the canonical tRNAs, the conserved U8 has a reversed Hoogsteen interaction with A14 in the D arm (the U8:A14 pair) (38, 44, 45) . U9 in tRNA Sec is stacked on the first base pair of the extra-arm stem ('extra stem') ( Figure 4E ). In the canonical tRNAs, the residue at position 9 interacts with a D-stem residue to form a base triple, such as the 12:23:9 or 9:13:22 pair (38, 44, 45) .
The anticodon arm
The structure of the tRNA Sec anticodon arm (residues 26-44) is similar to those of the canonical tRNAs. Although the anticodon loop has an irregular conformation ( Figure 1D ), this is probably due to the crystal contact and/or lack of modification, and may not reflect the unique features of tRNA Sec . Several nucleotide modifications have been reported for eukaryal tRNA Sec , and some of them are located in the anticodon loop, e.g. mcm 5 U or mcm 5 Um at position 34, and i 6 A at position 37 (42, 43) . These modified nucleotides may reinforce the anticodon loop conformation, and contribute toward stabilizing the codon:anticodon pairing on the ribosome.
The extra arm
The extra arm (residues 45-47, 47a-47l and 48) forms a hairpin structure composed of a 6-bp stem and a 4-nt loop. G45 and A48 form a non-WC G45:A48 base pair, which is the first base pair of the extra stem ( Figure 4E) . None of the residues in the extra arm is involved in tertiary base pairing with the other arms. In the canonical tRNAs, Y48 interacts with R15 in the D arm, to form the Levitt pair (38, 44, 45) . In the reported structure of tRNA Ser from the bacterium T. thermophilus, the linker between the extra stem and the T stem is C48 ( Figure 1B and H). C48 is base paired with G15, and is connected to G49 in the T stem ( Figure 4D and F) (38) . tRNA Sec lacks such a linker residue, as A48 base pairs with G45, and the G45:A48 pair occupies the position corresponding to the A45:U47q pair in T. thermophilus tRNA Ser (Figures 1A and B; 4E and F). A48 is directly connected to G50, thus shortcutting the Levitt pair and the 49:65 pair ( Figure 4C and E). In human tRNA Sec , U9 is stacked on the first base pair of the extra stem (the G45:A48 pair) ( Figure 4E ). In T. thermophilus tRNA Ser , G20b in the D loop occupies the corresponding position ( Figure 4F ) (38) . Although the secondary structures and tertiary interactions are different between human tRNA Sec and T. thermophilus tRNA Ser , the orientations of their extra stems against their T arms are nearly identical ( Figure 4A and B) . This partially explains the fact that both tRNA Ser and tRNA Sec are aminoacylated with serine by the same enzyme, SerRS.
DISCUSSION
The tRNA Sec structure
We solved the crystal structure of human tRNA Sec . The structure revealed that the acceptor stem of a eukaryal tRNA Sec has 9 bp, and the T stem has 4 bp (the 9/4 secondary structure). Conversely, bacterial tRNA Sec s have the 8/5 secondary structure and the canonical tRNAs have the 7/5 secondary structure (28) . In the present structure, the acceptor-T stem is bent between the U6:U67 and G7:C66 base pairs ( Figure 3A and C) , although it is unclear whether this bending reflects a physiological tRNA Sec conformation. The D arm is composed of a 6-bp stem and a 4-nt loop. The interaction between the D and T loops is normal, but the D arm lacks tertiary interaction with the AD linker and the extra arm. As revealed by the hole between the D and extra arms, the tertiary interactions in tRNA Sec are less complicated than those in the canonical tRNAs ( Figure 4A ). This unique global feature of the tertiary structure with respect to the unusually long D stem of tRNA Sec should not be a consequence of the absence of modified nucleosides in the present tRNA transcript, as the natural tRNA Sec lacks modified nucleosides in the D stem. Conversely, mcm 5 U34 or mcm 5 Um34, i 6 A37, É55 and m 1 A58 exist in the vertebrate tRNA Sec s (42, 43) . Positions 34 and 37 are in the anticodon loop, which does not participate in the tertiary interaction. The T-loop conformation involving positions 55 and 58 of tRNA Sec superimposes well on those of the canonical tRNA structures with the nucleoside modifications (38, (44) (45) (46) (47) ; the base pairs G18:U55 and U54:A58 are formed as the canonical tertiary base pairs G18:É55 and T54:m 1 A58. Therefore, it is unlikely that the lack of these modifications either affects the D-loop:T-loop interaction or furthermore remotely alters the D stem structure.
The structure of tRNA Sec had been predicted based on biochemical analyses using enzymatic and chemical probes (29, 30) . Structural models of both the eukaryal and bacterial tRNA Sec s were reported. The study of Xenopus laevis tRNA Sec predicted the 9/4 secondary structure of the acceptor-T stem, consistent with our crystal structure, as well as several tertiary base pairs (29) . Among them, G18:U55, G19:U56 and U16:U59 were confirmed by the present structure ( Figure 2B and C) , but the A8:A14:U21 base triple was not present in the structure. In the crystal structure, A8 does not participate in base pairing. The U20:G19:C56 base triple and the base stacking of U9 on the G45:A48 pair were not predicted by the biochemical analyses, but they exist in the crystal structure.
Interaction with SerRS
SerRS possesses a long coiled-coil that is responsible for the tRNA binding (38) . In the T. thermophilus SerRS . tRNA Ser structure, the coiled-coil interacts with the tRNA elbow (G19:C56 pair) and the extra stem (38) , and these interactions are the major determinants for the tRNA aminoacylation (49) . The SerRS . tRNA Sec docking model suggests that these interactions are also conserved in tRNA Sec ( Figure 5A and B) . Since the extra-stem orientations are similar between tRNA Ser and tRNA Sec ( Figure 4A and B 
Interactions with PSTK and SepSecS
In eukarya, the phosphorylation of Ser-tRNA Sec depends mainly on the larger number of base pairs in the D stem, rather than the long acceptor stem or extra arm (50, 51) . This suggests that PSTK recognizes the D stem structure as the main discrimination site. The D stem of tRNA Sec is 2 bp longer than those of the canonical tRNAs, and is quite independent, lacking tertiary interactions with either the extra arm or the AD linker. These properties are responsible for the unique D-arm conformation. The D stem is shifted outward from the axis running along the anticodon stem to the T loop, resulting in a hole in place of the canonical tertiary core ( Figure 4A ). In contrast, the D stem of tRNA Ser is tightly packed in the tertiary core. It seems reasonable that PSTK discriminates tRNA Sec from tRNA Ser by relying on the characteristic D-arm conformation of tRNA Sec . In archaea, the second base pair of the acceptor stem is the major determinant for the tRNA Sec discrimination by PSTK (52) . This base pair is conserved as G2:C71 and C2:G71 in tRNA Sec and tRNA Ser , respectively. Conversely, in eukarya, the second base pair is conserved as C2:G71 in tRNA Sec , but is nonconserved with some C2:G71 pairs in tRNA Ser (28) . Therefore, the second base pair of the acceptor stem should not be important for eukaryal PSTK.
The Sec-tRNA Sec formation also depends on the long D stem, rather than the long extra arm (51) . The length of the acceptor stem also affects the Sec-tRNA Sec synthesis. The reduction of the length of the acceptor stem by 1 bp decreased the Sec-tRNA Sec synthesis by 3-5-fold (51, 53) . These results suggest that SepSecS and/or PSTK recognize the unique D and acceptor stems of tRNA Sec as the discrimination sites. In the bacterial system, the long acceptor stem of tRNA Sec is important for the Sec-tRNA Sec synthesis by SelA (54) . The long extra arm is not important, and the involvement of the D arm in the tRNA Sec discrimination has not been reported.
Interaction with EF-Sec
Eukaryal/archaeal EF-Sec/SelB comprises four domains: the three N-terminal domains (domains I-III) homologous to EF-Tu (or EF1A) and the unique C-terminal domain (domain IV) (41 Figure 5C ). The EF-Secspecific domain IV is located near the tRNA Sec extra arm, and might also participate in the tRNA Sec recognition ( Figure 5C ). In the reported structures of EFTu . tRNA complexes, the tRNA acceptor-T stem is curved outward, presumably by an induced fit to EF-Tu (40, 48) . The bent acceptor-T stem in the present structure may mimic the EF-Sec-bound conformation of tRNA Sec . The docking model of EF-Tu and human tRNA Sec suggests that EF-Tu can interact with the tRNA Sec acceptor stem in a similar manner as in EF-Tu . tRNA Phe ( Figure 5D ). There are no severe steric clashes between EF-Tu and tRNA Sec . The dissociation constant (K d ) between EF-Tu and Ser-tRNA Sec was reportedly 50 nM (55). The high affinity seems to be consistent with our model, although this value is about 70-fold larger than that between EF-Tu and Ser-tRNA Ser (K d = 0.7 nM) (55) . The structures of the EF-Tu . tRNA complexes suggest that the interaction depends on the conformational adaptability of the acceptor-T stem backbone to EF-Tu (40, 48) . The unique bending point of the human tRNA Sec acceptor stem might be related to the lower affinity of EF-Tu for tRNA Sec in comparison to tRNA Ser .
ACCESSION NUMBER
The coordinates have been deposited in the Protein Data Bank (ID: 3A3A).
